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ABSTRACT

Radio-controlled model aircraft may be useful as a platform for agricultural remote
sensing because the data have high spatial resolution and the aircraft can be flown over in-
dividual fields in a timely manner. As a test of concept, an automatic 35-mm camera with
color-infrared film was mounted on a fixed-wing radio-controlled model aircraft and flown
over a field of corn (Zea mays L.) with three different planting dates and with various lev-
els of applied N. The Normalized Difference Vegetation Index (NDVI) was calculated from
scanned images of the photographic transparencies. Images of the same field were acquired
on two dates using the AISA sensor, flown on-board a conventional aircraft. The color-in-
frared NDVI was linearly related to that obtained by the AISA sensor, NDVI from neither
sensor was related to the level of applied N. Cameras on-board radio-controlled model air-
craft can provide useful data on plant growth and cover; the low cost of the system may off-
set some of the limitations with this technology.

There is a strong potential for application of remotely sensed imagery in precision
agriculture (Lu et al., 1997; Moran et al., 1997; Pierce & Nowak, 1999). Remotely
sensed data may be combined with other data in a geographic information system
and used to control applications of fertilizer and other treatments based on the po-
sition in a field as determined by a global positioning system (GPS). Some satel-
lites that provide low-cost imagery, such as Landsat, may have limitations for pre-
cision agriculture primarily because of sensor- and platform-specific resolutions
(Moran et al., 1997). What is needed is a means of acquiring high-resolution im-
agery at low cost.

Selection of a specific platform for remote sensing is a compromise among
spatial resolution, spectral resolution, radiometric resolution, temporal resolution,
and cost. Spatial resolution is the pixel size; imagery with small pixel size gener-
ally cover small areas on the ground, so the image has a large map scale. Spectral
resolution is the number of wavelength bands on the sensor, and whether each of
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these bands cover a small or a large wavelength interval (narrow or wide bands, re-
spectively). Radiometric resolution is the number of bits for each pixel at each band;
a larger number of bits is generally associated greater accuracy and is generally less
likely to be saturated by the incoming signal. Temporal resolution is the repeat fre-
quency of the platform; aircraft can fly often whereas satellites, such as Landsat,
fly over at periodic intervals and acquire imagery whether or not it is cloudy. Fur-
thermore, there is a delay between image acquisition and delivery to the user. Air-
craft and satellite platforms and sensors can provide the spatial and temporal res-
olution required for precision agriculture; however, these data are more expensive.
Quilter and Anderson (2000) suggested that fixed-wing radio-controlled
model aircraft with camera sensors can provide a low-cost method of obtaining aer-
ial photographs. Camera sensors can provide useful data, particularly for nutrient
management, when flown in regular airplanes or helicopters (Blackmer et al.,
1996; Scharf & Lory, 2002). Flying radio-controlled model aircraft (RCMA) is a
hobby enjoyed by people all over the world, and in response to the large demand,
there have been many technological advances in engines, materials, and controllers.
There are several private companies and research groups using RCMA for remote
sensing platforms. The results from these studies have not yet been published.
The objective of this study was to explore the idea of using fixed-wing
RCMA for remote sensing, as a potential tool for precision agriculture. To accom-
plish this objective we compared the RCMA imagery with an advanced airborne
imaging sensor, in order to assess the strengths and weaknesses of RCMA imagery.

MATERIALS AND METHODS
Experimental Design and Ground Data Collection

The expense of multiple aircraft overflights was reduced by having three plant-
ing dates of corn (Pioneer hybrid 33K78) in Field 5-21 at the Beltsville Agricul-
tural Research Center: an early planting on 2 May, a middle planting date on 31 May,
and a late planting date on 15 June 2001 (Plate 15-1). Starter N (20 kg N ha~') was
applied at planting to the whole field. For each planting date, 11 plots of 30.5 m by
36.6 m (48 rows) were established (except the third plot that was 36.6 by 36.6 m
to avoid a bare spot). The N levels were 0, 25, 50, 100, and 150% of 145 kg Nha™l,
applied as sidedress (Plate 15-1). The plots with the same planting date were ran-
domly assigned a N treatment, such that there were two replicates of each N level,
and three replicates of the 0% level.

Crows removed some corn seedlings so the plant density varied considerably
among plots. Density was determined by counting the number of plants in 6 rows,
which were evenly spaced across the plot. One area (in plot 3, early planting date)
had very low initial density of seedlings, so all corn seedlings were removed and
the area was kept weed-free and bare for image calibration (Plate 15-1). The re-
flectances of the bare plot were measured using a Fieldspec Pro FR spectrora-
diometer (Analytical Spectral Devices, Boulder, CO)! calibrated to a Spectralon
white panel.

I Trade naméé ;md companies are mentioned for information only, and do not indicate endorsement
by USDA.
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The corn hybrid was a 108-d variety. In late August 2001, the plants for all
three planting dates were between the silking and dent reproductive stages, during
which the number of leaves does not vary much (Ritchie et al., 1993).

Radio-Controlled Model Aircraft

A “Ready-to-fly” fixed-wing trainer aircraft (Hanger 9 Xtra Easy, Horizon
Hobby, Champaign, II.) was assembled from a kit with an MDS 0.41 cubic inch
engine and a JR XF421EX five-channel radio transmitter. An Olympus XB41AF
automatic 35-mm camera was mounted on the aircraft fuselage. The camera has a
lens focal length of 28 mm (wide angle), in order to obtain large areas of the field
in a single photograph. The camera shutter button was operated using a servo
motor connected to the fifth channel of the radio transmitter, so that photographs
were taken under the control of the pilot. We timed how fast the camera could take
photographs, and calculated from optical laws that taking one photograph per sec-
ond along a flight line at 150 m altitude with an air speed of 50 km h™! results in a
photograph overlap of about 50%, allowing for easier geographic registration of mul-
tiple images.

The film used was Ektachrome Professional Infrared EIR slide film (Kodak,
Rochester, NY), with a film speed of ISO 200. The automatic camera above was
selected because more expensive automatic cameras use internal near-infrared sen-
sors, which may expose the color-infrared film. The front of the camera was cov-
ered with two sheets of yellow cellophane to serve, first as a yellow filter required
for the film, and second to protect the camera from the engine exhaust. The default
film speed of the camera was ISO 100, so the film was overexposed, which was com-
pensated somewhat by underdevelopment with the E6 process.

In a separate experiment, we determined the effective spatial resolving power
of the camera/film system. Targets were constructed of alternating black and white
stripes that were 2.5 cm wide. These targets were placed at different distances from
the camera; when the targets were sufficiently far from the camera, the black and
white stripes appear to be gray on the photographic transparency. The farthest dis-
tance that the black and white stripes were still distinct was 17 m, resulting in an
angle of 1.5 mrad (0.09°). This translates to a 23-cm pixel at an altitude of 150 m;
under normal flight conditions it is difficult to measure the actual altitude of the
model aircraft.

Image Data Analysis

AISA images (Specim, Spectral Imaging Ltd, Oulu, Finland; www.specim.fi)
were acquired from a private company (3Di LLC, Easton, MD) on two dates, 7 July
and 22 August, 2001 over the corn field in Plate 15-1. The pixel size was 2.5 m.
These data were georeferenced with a differential global positioning system and in-
ertial guidance unit to an accuracy of 5 m. The number of bands on the AISA sen-
sor are user selectable; the data acquired had 34 narrow bands from 400 to 900 nm
wavelength. The radiance values for each band were corrected to reflectance with
an uplooking radiation sensor.
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Two vegetation indices were calculated from the plot average reflectances.
First, the Normalized Difference Vegetation Index (NDVI) was calculated:

NDVI = (Rgps — Reg1)/(Rgos + Res1) (1]

where Rgq is the reflectance in the near infrared and Rgg is the reflectance in the
red. The Modified Chlorophyll Absorptance Reflectance Index (MCARI) was cal-
culated:

MCARI = [(Rg9s — Res1) — 0.2(Re9s — Rs49)1(Reos/Res1) [2]

where Rgog and Rsyg are two wavelengths used to normalize the chlorophyll ab-
sorption feature (Kim, 1994; Daughtry et al., 2000).

Color-infrared transparencies from the model aircraft were acquired on 29
Aug. 2001. As the authors could not fly the model aircraft, we initially used vol-
unteers from the Academy of Model Aeronautics Goddard Model Aircraft Club.
Later we hired a qualified student to be the pilot, and were able to acquire RCMA
images of the field.

The color-infrared transparencies were scanned at 1600 lines per inch. The
colors of the scanned images were separated to obtain the near infrared, red and
green bands, and NDVI was calculated from the red and near-infrared bands. The
scanned images were registered to the AISA image with an average accuracy of 5.5
m. All of the pixels in a plot were averaged together to obtain the mean vegetation
index of each plot in the AISA and RCMA images.

RESULTS AND DISCUSSION

Selection of the RCMA platform depends on numerous factors (Table 15-1);
there are positive and negative features of blimp, fixed wing, and helicopter model
aircraft. Generally, the easiest platform to use are blimps, because helium provides
the lift. Fixed wing aircraft are easier to fly than helicopters, but helicopters can take
off and land vertically whereas fixed wing aircraft require grassy strips or ranways
for takeoff and landing (Table 15-1). All model aircraft are susceptible to wind; fixed
wing aircraft can operate with moderate amounts of wind. Also, all model aircraft
are susceptible to flight failure due to radio transmitter/receiver problems, turbu-
lence, engine problems, or simply running out of fuel. With flight failure common,
maintenance of control is important to prevent loss of the aircraft and sensor. Fixed
wing aircraft can be glided to a landing; helicopter auto-rotation is a difficult ma-

Table 15-1. Characteristics of different radio-controlled model aircraft.

Takeoff/ Wind Distance Failure

Platform Ease of use landing conditions covered response
Blimp Easy Vertical Very light Least Sink
Fixed wing Moderate Runway Moderate Most Glide

Helicopter Hard Vertical Light Middle Auto-rotation
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neuver that requires considerable expertise (Table 15-1). Since the aircraft are pi-
loted from the ground, the user must keep in eye contact, thereby restricting RCMA
imagery to about one field per flight.

Seedlings were visible in the 7 July AISA image for the corn planted on the
early and middle planting dates, but seedlings were not yet visible for corn planted
on the late planting date (Plate 15-2A). The image shows the large differences in
plant density that were visible in the early planting date also were visible in the 22
August AISA image (Plate 15-2B).

For the 7 July AISA image, there was a strong correlation between NDVI and
MCARI related to the differences in plant density (Fig. 15-1A; R = 0.84, P >
0.9999); however, for the 22 August AISA image, there was negative relationship
between NDVI and MCARI (Fig. 15-1A; R? = 0.12, P = 0.96). There was an in-
verse relationship between MCARI and the level of applied N (Fig. 15-1B; R? =
0.55, P >0.9999). In the 7 July AISA image, NDVI was not related to the level of
applied N (R? = 0.01, P = 0.69) or plant density (R? = 0.02, P = 0.74). Whereas for
the 22 August AISA image, NDVI was not related to applied N (R?=0.10, P =0.93),
but was correlated to plant density (R> = 0.36, P =0.999). The bare plot (Plate 15-1)
was not included in these analyses.
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Fig. 15-1. Vegetation indices from the AISA sensor A. MCARI versus NDVI and B. MCARI versus
applied nitrogen. Spectral resolution of the AISA sensor allows calculation of difference vegetation
indices that were designed to be more sensitive to canopy chlorophyll concentration.
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The differences in plant density from the color infrared RCMA images were
much more apparent than in the AISA images (Plate 15-3). This is to be expected
because of the much smaller pixel size of the RCMA color infrared image (0.2-0.4
m) compared with the AISA images (2.5 m). The center of the RCMA images was
much brighter than the edges of the image due to angular differences between the
sun, target, and sensor (canopy anisotropy), so it was difficult to mosaic several im-
ages together and obtain a satisfactory image of the entire field. Therefore, each
image was analyzed separately. NDVI calculated from the RCMA image were not
related to the level of applied N (Fig. 15-2A; R*=0.003, P =0.62). NDVI was cor-
related to plant density (Fig. 15-2B; R?2=0.11, P =0.97), but the correlation was
weak due to high NDVI at low plant density. Overall, the NDVI values were com-
parable between the RCMA image and the 22 August AISA image (Plate 15-4).
Particularly, areas of low and high NDVI corresponded in each image. A scatter-
plot of NDVI’s for the two images showed that there was some correlation (Fig.
15-3: R2=0.37, P = 0.999), although there is a much greater range of NDVI from
the RCMA images.

Reflectances and digital numbers of bare soil were compared using the data
for the calibration plot (Fig. 15-4). The AISA and ground-measured reflectances
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Fig. 15-2. NDVI from RCMA versus A. Levels of applied N and B. Plant density.
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Fig. 15-3. Comparison of AISA NDVI and RCMA NDVI. Each point is the plot average.

were comparable, except for some residual atmospheric features in the AISA re-
flectance spectrum; however, the bands in these atmospheric features were not used
for calculation of either NDVI or MCARL The digital numbers of the RCMA image
followed the trend in reflectances for the red and near-infrared bands, but not for
the green band (Fig. 15-4). Hence, NDVI calculated from the RCMA images for
this plot (Plate 15—4) were comparable. There may be a problem using the green
band for remote sensing of nutrient stress, because the green digital number was
greater than that of the red opposite of the trend for the reflectances (Fig. 15-4).
A general problem with all image data is canopy anisotropy (Walthall et al.,
2000), which is the view-angle-dependent change in reflectance caused by non-
Lambertian surfaces. The spectral reflectance will vary across the image of a uni-
torm target because of different angles and directions between the sun, target, and
sensor. This problem is particularly important in aerial photography when using wide
angle lenses, such as those used with the cameras in this study, because part of the
image will have a nadir view angle, and part of the image will have an oblique angle
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Fig. 15-4. Comparison of reflectances and digital numbers of bare soil at the calibration plot. The dashed
line is the measured reflectances using a spectroradiometer, the diamonds are the reflectances from
the AISA sensor, and the histogram bars are the digital numbers of the scanned color-infrared pho-
tographic transparency obtained using the RCMA.
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looking towards the horizon. Qualitative photographic interpretation is not hindered,
but quantitative analyses are difficult. Furthermore, canopy anisotropy strongly af-
fects vegetation indices (Walter-Shea et al., 1997). In theory, the NDVI for the two
images (Plate 15-4) should be equal; part of the variation in NDVT is explained the
effects of canopy anisotropy. The oblique view-angles result in a longer pathlength
of light through the canopy, which allows much more absorption of red wavelengths
and more reflectance of near-infrared wavelengths by the canopy, thereby increas-,
ing NDVI. These problems could be resolved using a lens with longer focal lengths,
for example 75 mm, but then the ground area covered by the image would be small,
and the image would be much harder to register to a map.

Another common problem of comparing one remotely sensed image with an-
other is the resulting low coefficient of determination (R?). This is caused by, in part,
the errors associated with registering pixel data to a map (Peleg & Anderson,
2002). In one study, the R? almost doubled with advanced mathematical tech-
niques of spatial data filtering (Peleg & Anderson, 2002). Therefore, the R? values
in this study were not an indication that RCMA imagery lacks promise for agri-
cultural remote sensing.

Vegetation indices such as MCARI are designed to measure the chlorophyll
absorption feature, whereas NDVI and some other vegetation indices are related
more to plant cover or density (Daughtry et al., 2000). Early reports of NDVI being
related to leaf area index (Peterson et al., 1987) were, in retrospect, probably
caused by correlations between leaf area index and cover (Myneni & Williams,
1994). Thus, when both cover and nutrient status are variable within a field, use of
one type of vegetation index is insufficient to detect problems of both low cover
and nutrient deficiency.

The spectral and radiometric resolution of the color-infrared film in the au-
tomatic camera used in this study may be the most important limitation for the use
of RCMA in other applications of remote sensing. The film was overexposed and
the green band did not correlate with calibration data (Fig. 15-4). Blackmer et al.
(1996) and Scharf and Lory (2002) flew in regular aircraft and acquired color pho-
tographs; they showed that it is possible to detect areas of low nutrient status using
green and red bands. With continued advances in the development of digital cam-
eras, it will be technologically feasible to have lightweight digital cameras with four
or five channels from the green to near infrared.

In conclusion, the high spatial and temporal resolution of RCMA color-in-
frared imagery can be used to assess overall growth and cover and the low cost may
offset some of the limitations discussed above. Indeed, it was surprising to see how
well RCMA imagery performed, yet with only preliminary data, caution is required
against making exaggerated claims of success.
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RCMA Color-infrared image, August 29, 2001

A. Original

B. Registered
to AISA image

Plate 15-3. RCMA color-infrared image acquired over corn on August 29, 2001. A. Scanned photo-
graphic transparency, B. Registered image.

Comparison of NDVI from RCMA and AISA

B. RCMA NDVI

Plate15-4. NDVI from A. AISA (August 22, 2001) and B. RCMA (August 29, 2001). Colors represent
different intervals of NDVI: black < 0.0, purple 0.0-0.25, blue 0.25-0.35, green (1.35-0.45, orange
0.45-0.55, red 0.55-0.65, and white > 0.65.
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Plate 15-1. Experimental design with different planting dates and levels of applied nitrogen in corn. The
100% rate of applied nitrogen is 145 kg N/ha, with 20 kg N/ha starter nitrogen applied to all plots.
Different planting dates allow different sizes of corn to be remotely sensed on one date. The bare area
in plot 3 for the early planting date had a very low initial density of corn seedlings, and therefore was
maintained as bare soil for image calibration.

AISA Imagery

July 7, 2001

August 22, 2001

Plate 15-2. AISA color-infrared image of the corn experiment, A. July 7, 2001, and B. August 22, 2001.
The near-infrared channel is displayed as red. the red channel is displayed as green, and the green
channel is displayed as blue. so areas that are white have high reflectances in the near-infrared, red
and green.



